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PRODUCTION OF HIGH PLASMA VEIOCITLES By HEATING AND -%A 
SELF-MAGlJE2IC ACCELERATION I N  EX3CTRIC ARCS 

Investigations 

of plasma jets 

ThoPeters and K.Ragaller 

3 5-7sb' 
are discussed on the increase i n  velocity 

by self-magnetic acceleration i n  e l e c t r i c  

arcs, using a rc  chambers i n  which the  working gas i s  heated 

and then quasi-adiabatically expanded i n  an expansion 

nozzle. The arc  operates not only ins ide  the  a r c  chamber 

at  nearly constant pressure but a l so  inside t h e  expansion 

nozzle. 

1) heating of t h e  plasma by the  Joule heat produced i n  t h e  

arc;  2) magnetic acceleration produced by cooperation of 

current density and self-magnetic f i e l d  (Lorentz forces) 

A device f o r  rea l iz ing  both effects ,  with the  a rc  operating 

s tably i n  an expanding supersonic flow a t  low and regular 

pressures, i s  described, with graphs showing the  Lorentz 

forces i n  a plasma pinch, plasma j e t s  with heating between 

cathode and anode, design of expansion nozzles of the 

cascade type, sketch of a device f o r  rapidly expanding 

plasma flows, with plasma burner and auxiliary anode, 

e tc .  

engines with electrothermal engines, f o r  various velocity 

Two modes of plasma acceleration are described: 

A comparison of magnetic acceleration f o r  plasma 

ranges, i s  included. 

++ Numbers i n  the margin indicate  pagination i n  the or ig ina l  foreign text. 



Smopsis 
3 s  95-d 

I Stationary plasma flows of high velocity had previously been produced with 

plasma, burners, i n  which the  worldng medium i s  heated i n  a combustion chamber 

by means of an e l e c t r i c  a rc  and then i s  expanded i n  a nozzle i n  a quasi- 

adiabatic expansion. 

The paper deals  with the  increase i n  veloci ty  t o  be expected i f  the  a rc  

burns not only ins ide  the  a rc  chamber at  nearly constant pressure but a lso i n  

the expansion nozzle i t s e l f .  

Two ef fec ts ,  contributing t o  plasma acceleration, are obtained: 

1) During expansion, the  plasma i s  reheated by the  Joule heat, l ibera ted  

i n  the  arc,  resul t ing i n  an increase i n  velocity. 

2) I n  a divergent plasma flow with superposed arc,  a magnetic accelera- 

t i o n  e f f ec t  i s  produced by cooperation of current density and self- 

magnetic f i e l d  ( h r e n t z  forces). 

a t  high current strength and low gas density, leads t o  extremely high 

T h i s  self-magnetic acceleration, 

veloci t ies .  

Decisive f o r  a p rac t i ca l  real izat ion of both e f fec ts  i s  the question 

whether an a rc  i s  able t o  operate stably i n  an expanding supersonic flow at low 

pressures. Ekperimental investigations demonstrate t h a t  this i s  the  case. 

1. Introduction 

The dynamics of plasma furnishes data on the  poss ib i l i t y  of accelerating 

a plasma i n  the s ta t ionarg state. Neglecting f r i c t ion ,  radiation, and time- 

dependent terms, the fundamental equations w i l l  read as follows: 

Continuity equation: divg;  w 0 ,  

% 
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Momentum equation: 

Energy equation: 

p - g P r d . ? 3  I - 9 d p  

d;vj[fd+h)q; t Isj = 

In the  s ta t ionary case, this i s  extended by the  M a x w e l l  equations 
4 

curt & 
and 

Compared t o  c lass ica l  gas 

equations, namely, the  h r e n t z  

Joule heat i n  the  energy 

of energies s t ipu la tes  t h a t  an 

heated by Joule heat 3 
Fkperimentally, this case 

-. 
div 8 - 4 .  

(1.4) 

(1.5) 

dynamics, two n e w t e m  occur i n  the  conservation 

force j x B i n  the  equation of momentum and the  

conservation equation. The l a w  of conservation 

e l ec t r i ca l ly  conducting gas can be heated o r  re- 

- t +  

i s  realized by using 

f i ca l ly ,  i n  electrothermal plasma drives and plasma 

an e l e c t r i c  arc.  a e c i -  /8 
burners f o r  wind tunnels, 

the gases are heated i n  a rc  chambers a t  high pressures and then - except f o r  

heat l o s ses  - adiabat ical ly  expanded i n  a nozzle. 

The process i t s e l f  i s  completely famil iar  i n  gas dynamics. The heating by 

The advantage l i es  i n  the  combustion i s  replaced here by e lec t r i c  arc  heating. 

f a c t  t h a t  t he  obtainable temperatures and enthalpies i n  the  a rc  chamber are no 

longer r e s t r i c t ed  by the  reaction energies of t h e  chemical par tners  but ra ther  

by t h e  thermal s t r e s s a b i l i t y  of the  combustio*chamber walls which, at  sui table  

cooling, can be pushed quite far upward. 

vantage t h a t  gases of low molecular weight, such as hydrogen, helium, etc .  can 

thus be heated. In any case, the m-um t h e 4  s t r e s s a b i l i t y  of t h e  chamber 

walls and of the electrodes places an upper limit on t h e  obtainable velocity 

which, f o r  example i n  thermal plasma drives, i s  given as about 15,000 m/sec. 

For numerous purposes, it i s  of ad- 

Another poss ib i l i t y  of accelerating plasmas t o  high ve loc i t ies  i s  given by 
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+ +  
t h e  occurrence of the  Lorentz force j x B i n  the  l a w  of conservation of momentum. 

This force i s  predominantly u t i l i zed  i n  short-time discharges, with which, 

within a time of t o  sec, plasma ve loc i t ies  of more than lo" m/sec can 

I be obtained. 

T h i s  electromagnetic acceleration process a l so  includes the method of 

crossed f ie lds ,  su i tab le  f o r  stationary operation. I n  this case, an already 

I exis t ing plasma i s  made t o  flow through a magnetic f i e ld ,  located perpendicular 

t o  the  d i rec t ion  of flow, between two electrode plates .  On applying a voltage, 

e l e c t r i c  currents will start flowing across the plasma je t  which, together w i t h  

the sui tably directed magnetic f i e ld ,  w i l l  generate forces i n  the d i rec t ion  of 

flow. It i s  known t h a t  this represents t he  inversion of an MHD generator and i s  

based on the prototype of an electromagnetic direct-current pump f o r  pumping of 

l iqu id  m e t a l s .  However, because of t h e  high plasma temperature, considerable 

d i f f i c u l t i e s  are produced by the  rectangular geometry of the  channel cross sec- 

t ion,  t h e  boundary l aye r  problem, and the  electrode problem. 

Below, we will invest igate  p o s s i b i l i t i e s  f o r  combining t h e  heating by 
+ + +  

Joule heat 3 E and the  acceleration by b r e n t z  forces j X B i n  a s ta t ionary 

plasma flow i n  such a manner t h a t  optimum flaw ve loc i t ies  are obtained. 

Despite the  f ac t  tha t ,  i n  a plasma jet  with a rc  heating, both e f f ec t s  are 

int imately connected, it i s  preferable t o  treat t h e  e f f ec t s  separately. 

this reason, we will  first discuss the heating and, i n  a later Section, the  

For 

e f fec t  of t he  b r e n t z  forces. 

2. Flaw with Arc Heatirq 

The problem of heating a flowing gas not only i n  a heating chamber a t  rela- 

t i v e l y  l o w  ve loc i t ies  and high pressures but a l so  i n  a subsequent expansion 
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nozzle a t  high veloci t ies ,  has been raised in numerous variants i n  propulsion 

projects  . 
Specifically, Ackeret and Winterberg (Bib1.1, 2) discussed this problem i n  

connection with thermal nuclear rockets. I n  these, t he  upper limit of t he  

exhaust velocity i s  defined by the maximum permissible temperature of t h e  ma- 

terials used i n  the  reactor. However, theoret ical ly ,  t h e  poss ib i l i t y  exists t o  

modify the  geometric s t ruc ture  of t he  reactor  i n  such a manner tha t  a l so  the  

walls of t h e  expansion nozzle w i l l  ac t  as heat sources. 

adiabat ic  expansion can be replaced, fo r  example, by an isothermal expansion, 

Through this, the  usual 

which would lead t o  a higher exhaust velocity. 

study showed t h a t  t he  boundary layer  problems, i n  the heat t ransfer  f r o m  the  

nozzle w a l l  t o  t he  gas, would lead t o  considerable d i f f i cu l t i e s .  

Nevertheless, a more detai led 

It i s  log ica l  t o  think of a rc  heating since, i n  this case, the heat i s  

produced d i r ec t ly  i n  the  flowing plasma, provided t h a t  an a rc  i s  able t o  exist 

a t  all i n  an expanding supersonic flow. Similar t o  t h e  material problems i n  

nuclear rockets, the  maximum obtainable combustion chamber temperature i n  a 

plasma drive, as mentioned above, i s  limited by the  thermal s t r e s sab i l i t y  of 

t h e  walls and electrodes, so tha t  a reheating i n  the  expanding flow seems 

promising. 

A brief thermodynamic consideration W i l l  indicate  the  extent t o  which /10 
t h e  exhaust velocity can be increased. For simplicity, we W i l l  use an i d e a l  gas 

with constant specif ic  heat and one-dimensional flow as basis. 

According t o  t h e  l a w  of conservation of energy, t he  heat supplied pe r  un i t  

mass i s  e q r e s s e d  by i 
d y  d h  - 

From t h e  l a w  of conservation of momentum, it then follows tha t  

5 



I n  addition, the  following equations are valid: 

h P p - q p  z .E = a m  st .a. (2.4) 
I I. 

Let us now c o q a r e  the  velocit ies,  supplied amount of heat, and ef f ic ienc ies  

i n  the  case of polytropic and specif ical ly  isothermal and adiabatic expansion. 

let us denote the  combustion chamber fac tors  by 

w h i l e  

are t o  denote the  corresponding quantit ies after expansion. 

Velocit ies [Eq. (2.2) 1 

Taking eq.( 2.4) i n t o  consideration, this yie lds  

Isothermal ( n = 1) : 

Adiabatic ( n  = x) : 

A t  n = x, eq.(2.5) gives 

6 



i s  p lo t ted  i n  F'ig.1 as a function of t h e  pressure r a t i o  V2 

2ho The r a t i o  

po/p w i t h  x = 5/3 (monatomic gas) f o r  various n. Whereas - V2 tends toward 1 
2hO 

with increasing po/p i n  the  adiabatic case, no l imit ing value exists i n  the iso- 

t h e d  case and at  polytropic eqans ion  a t  n < 1. 

Sumlied @an t i t i e s  of Heat 

I n  our model, a gas pr imariG receives an enthalpy ho i n  t h e  combustion 
__ 

chamber, i n  which case we w i l l  neglect the  velocity increment (vo = 0). In /12 
the  polytropic case, additional heat  i s  supplied during t h e  expansion. 

According t o  eq.(2.2), t he  following i s  generally valid: 
"SE"" * 

With iand eq.(2.5) it follows tha t  l o I ,  
k. r, 

Isothermal (n  = 1) : 
9' h.* $ 

Subst i tut ion of eq.(2.6) wi l l  yield 

$1 ? + + I n + .  
---I. 

Adiabatic ( n  = x): 

$ 0 . : .  
4. 

Efficiencies:  

(2.91 

(2.10) 

Let the  eff ic iency be defined by 



PolytroDic : 

Isothermal (n  = 1): 

Adiabatic (n  = x): 

(2.11) 

/13 
(2.12) 

These e f f ic ienc ies  are p lo t ted  i n  F'ig.2 a s  a function of the pressure 

r a t io ,  f o r  various n at  x = 5/3. A t  po/p -, m, the  e f f ic ienc ies  tend toward 1 

f o r  t h e  adiabatic,  isothermal, and polytropic case at n > 1. For the  polytropic 

case, a t  n < 1, the following l imiting value i s  obtained: 

For b e t t e r  i l l u s t r a t ion ,  F i g 2  a l so  gives the  curves of equal Mach numbers, 

calculated as follows: 

W e  have 

and from 
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To eliminate n, these expressions are subst i tuted i n  eq.(2.5) f o r  the  /14- 
polytropic . T h i s  y ie lds  

and, f ina l ly ,  after transformation, 

so  t h a t  t he  curves of equal Mach numbers can be p lo t ted  i n  Fig.1. 

case, it i s  simpler t o  calculate IT as a function of rp with the  parameters M.) 

( In  this 

It can be assumed t h a t  t h e  actual change of s t a t e  of an expanding flow with 

a rc  heating will be located i n  the  region between the adiabatics and isotherms. 

A pressure r a t i o  po/p of lo" t o  lo" seems technically feas ib le  even a t  the  

resultant la rge  area r a t i o s  between nozzle-end cross section and cross section 

of the  nozzle throat ,  when considering t h a t  plasma engines are  r e l a t ive ly  small 

i n  s i z e  and l i g h t  i n  weight, compared t o  the auxiliary power sources. 

Using the  isotherms as directive,  we obtain v2/2ho = 4. according t o  Fig.1, 

a t  a pressure r a t i o  between lo" and lo5 T h i s  means a doubling of t h e  exhaust 

veloci ty  compared t o  tha t  obtainable a t  adiabat ic  expansion. Figure 2 indicates  

t h a t  t h e  theore t ica l  efficiency decreases i n  this case from about 98% a t  adia- 

ba t i c  expansion t o  about 80% at isothermal expansion. 

Above, w e  gave the  maximum obtainable exhaust veloci ty  of electrothermal 

plasma engines, a t  adiabatic expansion, as 15,000 m/sec. However, t he  preceding 

considerations demonstrate t h a t  this velocity can be fur ther  increased t o  about 

30,000 m/sec, provided t h a t  it i s  possible t o  keep t h e  expanding gas i n  an iso- 

thermal  state by means of a r c  heating. 

3.  Acceleration of Plasma Jets by the Self-Magnetic Field of the  Arc /15 

In  the  presence of an arc  discharge i n  an expanding jet, as assumed i n  the  

9 



preceding Section, an acceleration effect  i s  produced by t h e  Lorentz forces of 

t h e  self-magnetic f i e ld .  

T h i s  e f fec t  was discovered i n  1955 by Maecker (Bibl.3) i n  investigations 

on f ree ly  burning high-current carbon arcs.  Repeatedly, flow phenomena had 

been observed previous t o  this, originating from the  cathode of an e l e c t r i c  arc .  

Maecker found tha t  an arc,  whose column contracts i n  the  v i c in i ty  of t h e  cathode, 

a c t s  l i k e  an electromagnetic pump because of t he  self-magnetic forces, causing 

the  flow t o  proceed in direct ion o f  the divergent a r c  column. 

Figure 3 shows the d i rec t ion  of the Lorentz force 3 X 2 i n  the  v ic in i ty  of 

the  cathode. Together with the  magnetic f i e l d  l ines ,  encircling the  a r c  axis, 
4 4  

the divergent 3-field produces j x B forces with components i n  rad ia l  and axial 

direction. The rad ia l  components produce the  well-known pinch e f f ec t  and thus 

a pressure rise i n  a radial direction, whereas the axia l  componer;ts accelerate 

the  plasma. 

The f ac t ,  following from these considerations, t ha t  not only t h e  cathodic 

contraction but a l so  any a r t i f i c i a l  loca l  pinch of the  a rc  column will lead t o  

t h e  formation of plasma j e t s ,  was proved experimentally by Maecker. 

I n  a plasma jet, proceeding i n  a divergent nozzle with superposed arc  dis- 

charge, t h e  narrowest nozzle cross section w i l l  represent such a pinch of the  

a r c  column. 

a nozzle since, also i n  rapidly expanding free jets, t he  required divergence of 

However, t he  geometric form of t h e  flow need not be prescribed by 

t h e  discharge cross section takes  place. 

In  Fig.4, a geometric configuration of such a type i s  plot ted.  Let rl be 

kt the  discharge diverge t h e  radius  of a cathode spot o r  of a nozzle throat .  

t o  a rad ius  rZ. 

plasma i n  this pa r t i cu la r  setup, can be calculated. 

I f  rz/rl 9 1, the en t i re  magnetic t h rus t  S,, exerted on the  

A t  a l o w  divergence ra t io ,  

10 



l it  i s  only necessary t o  know the  current density d is t r ibu t ion  i n  t h e  cross ,& 
section Fl .  In  this case, t h e  current density i s  assumed as independent of t h e  

radius. 

Then, the t o t a l  magnetic thrust ,  from eq.(1.2) with the  re la t ion  

i s  given by 

where the  c i rcu lar  cylinder, shown as a broken l i n e  i n  Fig.4, i s  selected as 

integrat ion region and where d7 denotes one volume element. 

i s  a surface in t eg ra l  of t he  pressure produced by j X B forces. 

The second in t eg ra l  
- + +  

The first in t eg ra l  can a l so  be transformed i n t o  a surface integral .  Ac- 

cording t o  eq.(1.4), we first have 

and, with a general vector re la t ion,  

+ 
Applying Gauss theorem and considering div B = 0, t h e  volume in t eg ra l  w i l l  y ie ld  

The first surface in t eg ra l  w i l l  give zero i n  this case since, everywhere 
-+ + 

on the  surface, t he  integrat ion region B i s  perpendicular t o  df. The second 

in t eg ra l  over E?df vanishes on the l a t e r a l  area of t h e  integrat ion cylinder, 

since - f o r  symmetry reasons - f o r  each pos i t ive  l f d f ,  a negative 8 d f  must 

+ 

+ + 
/17 

be present on the  opposite side.  Similarly, the  in t eg ra l  vanishes over the  

right-hand cylinder cover since, a t  t h a t  point,  we have B = 0. On the left-hand 

cylinder cover, the  following i s  valid f o r  B: 



where I denotes the  t o t a l  a r c  current. Integration w i l l  then yield 

Finally, the  following expression i s  obtained fo r  the  magnetic pressure p, 

produced by the  3 x B forces and occurring only i n  the cross sect ion F1, under 

assumption of constant current density j = - I and using eq.(3.4): 

4 

nlp 

from which, by integration, we obtain 

Hence, . . ._ 

I n  Fig.5, S, i s  p lo t ted  as a function of the  current i n t ens i ty  f o r  various 

divergence ra t ios .  

Assuming, f o r  our fur ther  discussion, the  presence of one-dimensional flow, 

we have 
$,I i - r v  , 

where 6 denotes the weight rate of gas flow, i n  kg/sec. The expected velocity 

increments, as a function of t he  r a t e  of flow, are p lo t ted  i n  Fig.6 a t  various 

current i n t ens i t i e s ,  assuming rz/R = 10 as divergence ra t io .  Prescribing a rc  

current i n t e n s i t i e s  up t o  lo" amp as prac t ica l ly  realizable,  i t  W i l l  be found 

t h a t  t h e  self-magnetic acceleration effect ,  a t  a not excessive gas rate of flow, 

should y i e l d  extremely high veloci t ies  up t o  an order of lo" m/sec. 



Equation (3.10) can be expressed a l so  i n  a d i f fe ren t  form, by set t ing,  i n  

- .  -. - accordance with eq. (1.2), 

S, a ff(?.+fSdr * (3  -12) 
J 

and again applying the  surface in tegra l  t o  the  model i n  Fig.4. 

dimensional flow, this w i l l  y i e ld  

Assuming one- 

+f;Gd[ - fssa< - fqs* (3.13) 
J 

If v2 9 VI, eq.(3.10) 

For i l l u s t r a t i n g  this 

and Fz = mr; w i l l  furnish 

s 

equation, Fig.? shows the  obtainable velocity f o r  /19 
a f u l l y  ionized mdrogen plasma j e t  of T = 2 X lo" O K  at  various pressures, 

p lo t t ed  as a function of t h e  current intensi ty .  

e f f e c t  becomes of i n t e r e s t  only at high current in tens i ty  and low gas dens i t ies  

o r  gas pressures. 

T h i s  diagram indicates  t ha t  the  

I n  his experiments, Maecker worked with high-current a r c s  a t  atmospheric 

pressure i n  the current i n t ens i ty  range up t o  300 amp. 

l a t e d  maximum velocity i n  the  a r c  axis was only 300 m/sec, a value experimental- 

l y  confirmed later by Wienecke (Bibl.4). 

increased gas pressure and the  r e c o i l  on the  cathode. 

n o d  pressure and moderate current in tens i t ies :  

t h e  pos i t i ve  magnetic pressure i n  f ront  of the  cathode w i l l  be 100 mm water 

column and the  r e c o i l  on the  cathode W i l l  be approximately 1 pond-'. 

even with these low forces, Maecker was able  t o  drive an "arc carrousel" 

(Bib1.3). 

Accordingly, t h e  calcu- 

Maecker was a l s o  able  t o  measure t h e  

These values a re  l o w  at 

A t  300 amp current intensi ty ,  

However, 

+t- pond = weight of t h e  mass unit  of one gram at  the  locus of normal gravita- 
t i o n a l  acceleration (980.665 cm/sec2 ) . 



Despite the  f a c t  that t h e  magnetic forces,  at moderate current i n t e n s i t i e s  

and at atmospheric pressure, are extremely low, t h e  jet  formation has a notice- 

able  influence on the  t o t a l  energy transport  within the  arc.  

one of t he  authors i n  an earlier paper (Bibl.5) mentioned that, i n  designing 

arc  chambers f o r  the  production of plasma jets, this jet-forming effect  natural- 

l y  should be u t i l i zed ,  spec i f ica l ly  since this magnetically driven flow increases 

rapidly with increasing current in tens i ty  and since the  gas t o  be heated should 

be supplied t o  all combustion chambers a t  the  cathode end. 

For this reason, 

It should be mentioned here tha t  reports  from the  USA (Bibl.6) indicate  

tha t  t he  G i a n n i n i  Corporation, Avco Corporation, and Electro-optical Systems 

have been able t o  produce ve loc i t ies  q~ t o  lo" m/sec a t  a th rus t  of about 200 gm 

with a so-called " b b r i d  t h r u s t e r '  at high current i n t e n s i t i e s  and low gas 

pressures. 

2 X 

f low can be obtained a t  a current in tens i ty  of 2000 amp. 

assumed t h a t  these novel plasma j e t  generators operate with t h e  above-described 

self-magnetic acceleration. 

These data  can be used for  calculat ing a weight rate of gas f l o w  of 

kg/sec. Figure 6 shows tha t  a veloci ty  of lo" m/sec a t  this rate of 

Therefore, it can be 

4. E b e r i m e n t d  Investigations /x> 

h t he  attempt t o  r ea l i ze  arc  heating as well as self-magnetic acceleration 

i n  an expanding supersonic plasma f l o w  a prime assumption i s  tha t  a high-current 

a r c  w i l l  be s tab le  i n  such a flow, under negative pressure conditions. 

In  t r ea t ing  this problem, both authors (Bibl.7) came independently t o  the  

same experimental setup, as sketched i n  Fig.8. 

The left-hand s ide  shows a conventional plasna burner w i t h  convergent 

nozzle section. The a rc  burns under n o d  pressure between the  cathodic 



tungsten point and the  nozzle w a l l  which a c t s  as the  anode (anode I). A t  a 

suff ic ient ly  narrow nozzle end diameter, sonic velocity is reached at  the  nar- 

rowest point. This arrangement i s  placed in a vacuum tank which can be pumped 

continuously t o  a pressure of 1 to r r .  

the  plasma jet expands rapidly under formation of a bell-shaped expansion fan 

t o  supersonic velocity ( ~ i g . 9 )  . 

Because of t he  great  pressure difference, 

I n  this manner, two important requirements f o r  the  production of self- 

magnetic acceleration, namely, low gas density and large divergence r a t i o  r Z / n  

are already prescribed by the  flow. After this, the  anode 11, ins t a l l ed  at  the  

point at which the  expanding jet reaches i t s  maximum diameter, i s  connected and 

the  anode I is  disconnected. 

high-pressure region ins ide  the chamber as w e l l  as within the  expanding f low i n  

the low-pressure region. 

nected. 

Fig.9. 

The high-current a rc  w i l l  now operate within the 

Figure 10 shows this state, with t h e  anode I1 con- 

Because of t he  a rc  heating, the jet  divergence i s  grea te r  here than i n  

In these experiments, performed i n  the  DVL’ I n s t i t u t e  f o r  Plasma Dynamics, 

t he  current i n t ens i ty  i n  s ta t ionary operation with argon was 230 amp, a t  an a rc  

p o t e n t i a l  of 45 v. 

1 t o r r .  

The ambient pressure i n  the  vacuum chamber was s e t  t o  

The setup, used i n  the  Electmphysics Department of t he  Polytechnic Insti- 

t u t e  i n  Munich differs merely by t h e  f ac t  t h a t  a r ing anode of graphite was used 

instead of the  spiral anode I1 of copper tubing. 

p l a t e  of boron n i t r i d e  at  the  end of the plasma burner, sham i n  Fig.8, was re- 

placed by an e lec t r i ca l ly  insulated and separately cooled m e t a l  p la te .  

Fig.11, t h e  ambient pressure i s  5 to r r .  

I n  addition, t he  insulat ing /21 

I n  

The current intensi ty ,  again f o r  

-3 DVL = German Aeronautics and Space Experiment Station. 



operation with argon, i s  120 amp w i t h  t he  corresponding a r c  poten t ia l  being 

70 v. A smaller divergence of the  expansion fan, at  equal e l e c t r i c  data i s  

obtained (as  shown i n  F'ig.12) a t  an ambient pressure of 20 t o r r .  I n  this case, 

a port ion of the  jet boundary s t r i k e s  the  graphite r ing a t  high velocity and is 

ve r t i ca l ly  deflected, so t h a t  a "plasma slab" i s  formed. 

In these experiments, it was primarily a question t o  demonstrate that an 

a rc  discharge i s  stable i n  an expanding supersonic f l aw and t h a t  t h e  require- 

ments necessary f o r  effectiveness of the self-magnetic acceleration, such as 

low gas density and la rge  divergence rat io ,  can be prescribed by the  flow. 

The experiments are being continued with helium and hydrogen a t  higher 

current i n t ens i t i e s .  

5. Summary and Future Amects 

With respect t o  c l a s s i ca l  gas dynamics, two electrodynamic terms occur i n  
4 

the  fundamental equations of plasma dynamics, namely, t h e  Iorentz force 3 x B 

i n  t h e  momentum equation and the  Joule heat 3 E i n  the  energy equation, which 

both are of jmportance f o r  t he  problems of plasma acceleration. 

t i o n  i s  made as t o  t h e  manner i n  which both effects ,  i n  a s ta t ionary plasma 

flow with superposed a rc  discharge, can contribute t o  t h e  production of high 

plasma veloci t ies .  

designs, t h e i r  influence i s  discussed separately f o r  grea te r  c l a r i t y .  I n  both 

cases, t h e  poss ib i l i t y  i s  assumed tha t  an e l e c t r i c  a r c  i s  able  t o  exist a t  a l l  

i n  an expanding supersonic flow at negative pressure. 

+ 

An investig& 

Although these effects  become superimposed i n  p rac t i ca l  

-+ 
In  considering t h e  poss ib i l i t y  of l ibera t ing  Joule heat 3 E at any state 

of flow, t he  problem of reheating i n  an a rb i t r a ry  nozzle f l o w  i s  involved. For 

a s implif ied thermodynamic theory, polytropic changes of state are  assumed i n  

16 



which the  adiabatic and the  isothermal expansion occur as special  cases and 

which, f o r  p rac t i ca l  considerations, must be considered t o  be l imit ing cases. 

The l imit ing case of adiabatic expansion has been approximately real ized 

/22 

i n  a l l  e s s t i n g  electrothermal plasma drives, i n  which gases are heated i n  a 

combustion chamber by an e l e c t r i c  a r c  and then are expanded i n  a nozzle without 

fur ther  supply of heat. 

defined by the  enthalpy of the  gas i n  t h e  combustion chamber. 

this enthalpy cannot be increased a r b i t r a r i l y  because of problems of cooling 

technique, t he  a t ta inable  velocity i s  l imited despi te  t he  f ac t  t h a t  it i s  far 

above the  gas ve loc i t ies  obtainable with chemical reactions. 

the  mentioned electrothermal plasma burners, this c r i t i c a l  velocity i s  given as 

about 15,000 m/sec on operation with hydrogen. 

The maximum velocity, o b t ~ n a b l e  with this method, i s  

However, since 

For example, f o r  

Higher veloci t ies ,  a t  equal combustion chamber enthalpy, should be obtairii 

able  by reheating the  plasma during t h e  expansion. 

extending t h e  arc  discharge through t h e  e n t i r e  expansion nozzle. 

case, an isothermal expansion i s  considered t h e  upper l imit ing case obtainable 

i n  pract ice ,  thermodynamic calculations (Fig.1) show t h a t  the  velocity in- 

creases a r b i t r a r i l y  with increasing pressure r a t i o  between combustion chamber 

pressure and nozzle end pressure. 

etc.) ,  a pressure r a t i o  of lo" cannot be exceeded by much, so tha t  - i n  the  

extreme case - a veloci ty  increment by a fac to r  of 2 can be expected (Fig.1) 

T h i s  can be real ized by 

If, i n  this 

For technical  reasons (nozzle cross sections, 

The existence of an e l e c t r i c  a r c  i n  a divergent stream filament i s  accow 
+ 

panied by an acceleration effect  produced by the  3 X B forces of t he  self- 

magnetic f i e l d .  

high-current arc.  

eq.(3.10), increases at  constant r a t e  of flow with the  square of t h e  current 

T h i s  e f f ec t  was discovered i n  1955 by Maecker on a f r eeburn ing  

An analysis shows t h a t  t h e  obtainable velocity, according t o  



in tens i ty .  Considering an a r c  current i n t ens i ty  of lo* amp, a t  a completely 

I conventional gas rate of flow of lo4 kg/sec i n  plasma burners, as technically 

realizable,  veloci t ies  up t o  18 m/sec should occur according t o  Fig.6. 

ve loc i t ies  have been considered as character is t ic  fo r  ion  engines and pulsed 

electromagnetic propulsion systems. 

Such 

The experimental investigations primarily had the purpose of checking 

whether an a r c  discharge, i n  an expanding supersonic flow at negative pressure, 

i s  able  t o  exist and remain stable.  This question was answered i n  the pos i t ive  

sense on the basis  of experimental setups independently developed at  the  DVL 

J-nstitute f o r  Plasma Dynamics and at the E2ectropbsics  Department of t h e  Poly- 

technic Institute, Munich. 

moderate current i n t e n s i t i e s  are being continued with helium and hydrogen at  

high current i n t ens i t i e s .  

/23 

I 

The experiments, made u n t i l  now with argon at  

I 

I n  a fur ther  experimental uni t ,  the expansion i s  t o  be produced with a 

superposed a r c  i n  an expansion nozzle which, as shown i n  Fig.13, i s  composed i n  

accordance with Maeckerf s %ascade" pr inciple  (Bib1.8) of individual insulated 

and cooled copper plates ,  using t h e  end p l a t e  as anode. 

p r inc ip l e  prevents a migration of t he  a rc  current through the  nozzle walls t o  

the  anode. 

This "cascade" 

I n  addition, an attempt w i l l  be made t o  increase t h e  magnetic acceleration 

by superposition of an external f i e ld .  

self-magnetic f i e l d  of t he  arc,  h o s e  s i z e  and direct ion i s  given by the  M a x w e l l  

equation (1.4) from t h e  current-density d is t r ibu t ion  i n  t h e  arc.  

Our discussions referred only t o  t h e  

An external  f i e ld ,  which i s  independent of t he  a rc  discharge, can be made 

much stronger than t h e  self-magnetic f i e l d  of t he  arc. 

l ies i n  t h e  f a c t  t h a t  only azimuthal f i e l d  components, together with the  current 

The only d i f f i cu l ty  

18 



density component of t h e  arc,  lead t o  an  acceleration i n  axial direction. 

arrangement of an axial magnetic f i e l d  w i l l  result only i n  a ro ta t ion  of t he  

e n t i r e  a rc  plasma. I n  accordance wi th  t he  self-magnetic field of the  arc,  a 

closed purely azimuthal field can be produced only i n  the  d i rec t  Vicinity of an 

The 
, 
I 

axisymmetric conductor. 

hot plasma jet i s  inconceivable f o r  cooling-technology reasons. 

at  least l o c a l  azimuthal f i e l d  components can be produced by winding he l i ca l  

conductor couples around the  divergent discharge space (fig.&), a method used 

i n  the  "stellaratorl '  f o r  s tab i l iza t ion  processes. Whereas, i n  the  s t e l l a r a t o r  

machine, adjacent tu rns  carry currents of opposite directions,  all currents , 

However, the  presence of such a conductor within the  

Nevertheless, 

2 t: 
i n  the above device must be r ec t i f i ed  so as t o  obtain a uniform sense of direc- 

t i on  f o r  a l l  l o c a l  azimuthal components. Since, when using he l i ca l  turns,  a l so  

&a1 f i e l d  components w i l l  occur, a rotat ion of t he  accelerated plasma flow 

cannot be avoided. 

I n  summation, w e  can state t h e  following: I n  space problems, the required 

exhaust ve loc i t ies  of the  power plants,  depending on the  optimizing conditions, 

Will be i n  the  range of lo" t o  Id m/sec and beyond. In  the  region up t o  3 x 

X lo" m/sec, electrothermal engines with a rc  heating and reheating during the  

e q a n s i o n  presumably w i l l  be found useful. Beyond this, t h e  magnetic accelera- 

t i o n  e f f ec t  will predominate, i n  which case - provided t h a t  current i n t e n s i t i e s  

of lo" amp per  propulsive uni t  a r e  considered as the  technically a t ta inable  

limit - a mass rate of flow of only 16 < lo4 kg/sec can be expected. 

Finally, it should be mentioned t h a t  s ta t ionary plasma jets with ve loc i t ies  

of t h e  order  of 16' m/sec are of importance not only f o r  plasma dr ives  but a l so  

generally f o r  plasma physics, since these ve loc i t ies  correspond t o  extremely high 

s tagnat ion temperatures (fig.15)-'. ( for  footnote see fo l laJ ing  page) . 
19 
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6. Appendix 

a) Est of SNmbols 

v = velocity of f l a w  

p = density 

p =pres su re  

h = enthalpy 

w = heat flux density 

j = e lec t r i c  current density 

B = magnetic induction 

E = e l e c t r i c  f i e l d  strength 

PO = 4.r I+] = induction constant 

J X B = h r e n t z  force 

t +  
J E = Joule heat 

q = heat supplied per  mass uni t  
w-sec k = 1.38 x ( OK ) = Boltzmann constant 

T = teqerature 

m = mass of the  atom o r  molecule 

x = r a t io  of specif ic  heats 

n = p o b t r o p i c  exponent 

p = efficiency 

M = Mach number 

c = velocity of sound 

TI = po/p = pressure r a t i o  

J* After completion of t h e  manuscript, a sc i en t i f i c  paper was published i n  the 
1964. August i s sue  of t h e  AIAA Journal, giving experimental data obtained at  the  
G i a n n i n i  Corporation (Bibl.9). 



cp = $/2ho = abbreviation 

S, = magnetically produced thrust 

pm = magnetically produced pressure 

r = radius 

rz/n = divergence r a t i o  

I = current in tens i ty  

15 = gas rate of flow 
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List of I l l u s t r a t i o n s  

Fig.1: Ratio $/a as a Function o f  t h e  Pressure Ratio po/p (Combustion- 

Chamber Pressure t o  Nozzle End Pressure) a t  Polytropic &pansion 

Plotted f o r  Various Polytropic Exponents n (x = 5/3). H e r e ,  ho de- 

notes the  enthalpy i n  t h e  combustion chamber. The curves of constant 

Mach number are shown as broken l i n e s  and represent curves of constant 

efficiency ( see Fig .2). 

Fig.2: Eff ic iencies  p at Polytropic Expansion, as a Function of the  Pressure 

Ratio po/p f o r  Various Polytropic Eqonents n (x = 5/3). 

t he  r e l a t ion  p = 

Generally, 

i s  valid and f o r  x = 5/3, we have 1 

. P =  

each IJ. (see right-hand scale) . 
Direction of t h e  Lorentz force 3 X B i n  an Arc Column, Pinched by the 

Therefore, a Mach number M can be coordinated w i t h  1 
1 + 3M 

+ 
Fig.3: 

Cathode Spot . 
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Fig.&: 

Fig.5: 

Fig.6: 

Fig . 7: 

Fig.8: 

Fig.9: 

Fig. 10 : 

Fig -11: 

Geometric Configuration of an Arc Discharge, Diverging from t h e  Cross 

Section F1 t o  Fz Divergence r a t i o  of t h e  radii r2/n . The broken- 

l i n e  cylinder i s  used f o r  calculating t h e  t o t a l  magnetically produced 

thrust s, . 
Magnetically Produced Thrust S, i n  Newtons, as a Function of the Arc 

Current I f o r  Various Divergence Ratios rz / r l .  

Velocity Increment Av, Based on Self-Magnetic Acceleration, as a 

Function of t h e  Gas Rate of Flow fi at Various Current In t ens i t i e s  f o r  

r2/rl = 10. 

& q l e  f o r  the  Velocity Obtainable by Self-Magnetic Acceleration of 

a Fully-Ionized Hydrogen Plasma, Discharged at  T = 2 X lo" O K ,  as a 

Function of t he  Arc Current In tens i ty  f o r  Various Ehd Pressures p o r  

G a s  Densities p .  

as r2 = 0.05 m. 

Arrangement f o r  Producing a Rapidly m a n d i n g  Plasma Flow, with Plasma 

Burner and Awdliarg Anode i n  the  Negative Pressure Region. 

Divergence of t h e  Plasma Jet i n  the  Negative Pressure Region. 

between cathode and anode I (see Fig.8). 

f o r  Plasma ~ ~ ~ ~ a m i c s ) .  

Plasma Jet with Heating between Cathode and Anode 11. 

disconnected (see Fig.8). 

pressure port ion of the  plasma burner as w e l l  as i n  the  expanding 

supersonic flow i n  t h e  negative pressure region. 

p = 1 tor r ,  argon, 3 = 3 mm, 1-2 > 35 mm. 

f o r  Plasma ~ynamics). 

Photograph of t h e  Setup with Graphite Ring as Anode 11, from the  

The radius of t h e  end face F2 ( j e t  radius) i s  assumed 

Heating 

(Photograph: DVL I n s t i t u t e  

Anode I is  

The e l e c t r i c  a r c  burns here i n  t h e  high- 

I = 230 amp, 45 v, 

(Photograph: DVL I n s t i t u t e  
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Electrophysics Department of t h e  Polytechnic Ins t i tu te ,  Munich. 

I = l20 amp,70 v, p = 5 t o r r ,  argon. 

Photograph from the  Electropmsics Department of t h e  Polytechnic 

Ins t i t u t e ,  Munich. 

of the  boundary f low i s  deflected by the  graphite ring and forms a 

"plasma slab". 

Design of an Expansion Nozzle according t o  Maecker's "Cascade" 

Principle. 

l y  insulated, so t h a t  t h e  arc current cannot migrate within t h e  

nozzle wall t o  the  anode. The end face i s  formed by the  anode. 

Application of an External Magnetic Field f o r  Increasing the  Magnetic 

Acceleration. 

fan  i n  which t h e  e l e c t r i c  arc i s  operating. 

port ion contains no f i e l d  l ines.  

gradually passes i n t o  an axisymmetric guide f i e ld .  

Stagnation Temperatures of a Fully Ionized Hydrogen Plasma, as a 

Function of t h e  Flow Velocity. 

stagnation temperature and temperature i n  the flow. 

temperature and T = 2 X lo* O K  i n  t he  flow (see example i n  Fig.7). 

Fig.12: 

I = 120 amp, 70 v, p = 20 t o r r ,  argon. Apor t ion  

Fig.13: 

The individual disks are separately cooled and e lec t r ica l -  

Fig.l.4: 

Helically wound conductors surround the expansion 

The left-hand cy l indr ica l  

A t  t h e  r ight ,  t he  magnetic f i e l d  

Fig.15: 

AT = temperature difference between 

= stagnation 
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